Light-mediated activation of fructose-1,6-bisphosphatase (EC 3.13.11) in intact spinach chloroplasts (Spinacia okracea L.) is enhanced in the presence of 10-' molar external free Ca2. The most pronounced effect is observed during the first minutes of illumination. Ruthenium red, an inhibitor of light-induced Ca2" influx, inhibits this Ca2" stimulated activation. In isolated stromal preparations, the activation of fructose-1,6-bisphosphatase is already enhanced by 2 minutes of exposure to elevated Ca2" concentrations in the presence of physiological concentrations of Mg2" and fructose-1,6-bisphosphate. Maximal activation of the enzyme is achieved between 0.34 and 0.51 millimolar Ca2". The Ca2" mediated activation decreases with increasing fructose-1,6-bisphosphate concentration and with increasing pH. The data are consistent with the proposal that the illumination of chloroplasts leads to a transient increase of free stromal Ca2". In dark-kept chloroplasts the steady-state concentration of free stromal Ca2" is 2.4 to 6.3 micromolar as determined by null point titration. These observations support our previous proposal that light-induced Ca2 influx into chloroplasts does not only influence the cytosolic concentration of free Ca2 but also regulates enzymatic processes inside the chloroplast.
Light, for example, induces Ca2" influx into isolated chloroplasts (12, 19 ) via a uniport-type carrier (1 1, 12) . This observation is complemented by recent observations in situ that the total Ca2" content of chloroplasts increases and the cytosolic free Ca2+ is depleted during illumination (17, 21) . Thus light affects both cytosolic and stromal Ca2" levels.
High external concentrations of Ca2+, however, drastically inhibit photosynthetic CO2 assimilation, probably by inhibition of the catalytic activities of FBPase2 and SBPase (20) , suggesting that the stromal free Ca2" concentration is strictly controlled. This control could be achieved by binding of Ca2+ to thylakoids (6) and stromal proteins (13) . Ca2" binding was also reported for purified FBPase (9) and for ferredoxin (29) . Ca2" exhibits dual 'This work was supported by grants from the Deutsche Forschungsgemeinschaft.
2Abbreviations: FBPase, fructose-1,6-bisphosphatase (EC 3.1.3.11); FBP, fructose-1,6-bisphosphate; Io.s, concentration of modulator that is required to obtain half inhibition of the maximum specific activity; SBPase, sedoheptulose-1 ,7-bisphosphatase; Ao.5, concentration of modulator in the preincubation that is required to obtain half of the maximum specific activity. effects on purified FBPase: the rate of activation in vitro is accelerated by an increase in free Ca2" during activation, whereas catalysis is inhibited at similar concentrations of free Ca2" (2, 3, 8, 9) . It is, however, still controversial whether Ca2+ is involved in the regulation of FBPase in vivo (23) . Therefore we have investigated the effect of light-induced Ca2+ influx on lightmediated activation of FBPase in intact chloroplasts. We have also studied the effects of elevating Ca2+ concentrations for short periods on FBPase activation in stromal preparations in the presence of physiological concentrations of Mg2+ and FBP. The steady-state concentration of free Ca2+ in the stroma of darkkept chloroplasts has also been determined.
MATERIALS AND METHODS
Chemicals. Antipyrylazo III, ATP, and nigericin were obtained from Sigma; Chelex-100 from Bio-Rad; ruthenium red from Serva; Percoll from Pharmacia, and A 23187 from CalBiochem. CaCl2-standard solutions, KCI Suprapur and all other chemicals (analytical grade) were from Merck. Stromal Preparations and Chloroplast Isolation. Spinach (Spinacia oleracea L.) was either purchased at the local market (stroma isolation) or grown as described in Kreimer et al. (1 1) . Stromal preparations were isolated and purified as previously described (13) , except that the Sephadex G-25/Chelex-100 column step was omitted. Intact chloroplasts were prepared from fully developed leaves according to Kreimer et al. (1 1) with the following modifications: intact chloroplasts used for the determination of the stromal free Ca2" concentration were collected from Percoll gradients with a pasteur pipette, diluted 1:5 with a Chelex-100 treated medium containing 330 mm sorbitol and 20 mM Hepes-Tris (pH 7.0) and pelleted by a 40 s centrifugation at 750g. The pellet was resuspended in 4 ml of the same medium, centrifugated as above, and finally resuspended in the Chelex-100 treated medium at a concentration of 0.4 to 0.6 mg Chl. ml-'. In the isolation of intact chloroplasts used for the light activation experiments the 65% (v/v) Percoll cushion was omitted and the pelleted intact chloroplasts were resuspended in a medium containing 330 mM sorbitol, 1 mM MgCl2, and 50 mM Hepes-NaOH (pH 7.8). Chloroplasts were kept in the dark at 4°C after both isolation procedures.
Light-Mediated Activation of FBPase in Intact Chloroplasts. Intact chloroplasts were preincubated for 5 min at 25C in the dark in a Clark-type electrode. The reaction mixture contained 330 mm sorbitol, 50 mm Hepes-NaOH (pH 7.8), 5 mm PPi, 0.5 mM Pi, 10 mM KHCO3 and Ca2+/EGTA buffer to yield the indicated free Ca2+ concentrations. The Chl concentration was 60 to 80 tg ml-'. Chloroplasts were then illuminated (120 Wm-2) for 5 min. At the times indicated samples were withdrawn and assayed for FBPase activity.
Enzyme Assays. The activity of FBPase was measured spectrophotometrically at 25C. All assays were initiated by addition of stromal preparations/chloroplasts. Activity in the stromal preparations was determined using the assay procedure of Rosa and Whatley (23) . Unless otherwise indicated the reaction medium contained in a total volume of 1 ml: 50 mM Hepes-NaOH (pH 7 (24) and, as the sorbitol and Hepes solutions, treated with Chelex-100 to reduce the Ca2+. After Chl and Protein Determination. Chl and protein was determined as previously described (11, 13) .
RESULTS
Effect of Light-Induced Ca2" Influx on Activity of FBPase. In intact chloroplasts the rate of activation of FBPase incubated in the presence of 10-M external free Ca>2 was increased compared to 10-12 M free Ca2+ (Fig. 1A) . After 5 min the maximum activities were similar, irrespective of the Ca>2 concentration. The most pronounced effect of Ca2+ on the activity of FBPase was observed during the first minutes of illumination (Fig. I B) .
To investigate whether light-induced Ca>2 influx causes the stimulation of FBPase activation, we also examined the effect of ruthenium red, an inhibitor of light-induced Ca2+ influx (11) , on activation of FBPase (Fig. 2) . The stimulation of FBPase activation at l0-5 M free Ca2+ was completely blocked by 20 yM ruthenium red. This effect was not due to unspecific effects of ruthenium red, since at 102 M external free Ca" ruthenium red has no significant effect on the activation of FBPase (Table I) (23) , and in addition 5 mM Mg2> was always present during the preincubation period. Figure 3 shows the response of chloroplast FBPase activity to varying concentrations of Ca2> during the preincubation. Both (25, 32) . Figure 4 shows that the ratio of FBPase activity with Ca>2 preincubation to the activity without Ca>2 preincubation rapidly declined with increasing pH. At pH values above 8.4, Ca>2 preincubation did not further increase the FBPase activity. In addition, the activity ratio also decreased with increasing the FBP concentration from 0.1 to 1 mm (Table II) . The Figure 5 . The intersection with the abscissa indicates the stromal Ca2+ null point, which is dependent on the prevailing total Ca2+ content of the (Fig. 6 ). The Ca2' null point of intact chloroplasts was significantly lower than that of osmotically shocked chloroplasts (Table III) . To further analyse the validity of our measurements Ca2" null points in media that lower the A pH across the envelope were determined (Table III) . The average maximal activity after 30 min preincubation was 0.29 Mmolmg7' protein-min-'. This could be achieved by high external K+ concentrations in the presence of the K+/H+ exchanger nigericin. Under these conditions the Ca2' null point also shifted to higher values (Table   III) .
DISCUSSION
It has previously been shown that isolated chloroplasts exhibit a light-induced Ca>2 influx (1 1, 19 ). This influx affects the level of NAD+, possibly by stimulating the stromal, calmodulin-independent NAD-kinase (12, 14) .
The presented results indicate that the activation ofchloroplast FBPase is also enhanced by the influx of Ca 2 into chloroplasts, since an increase in extrachloroplastic free Ca 2 from 10-12 M to 10-' M enhances the rate of light activation of this enzyme. The observation that the maximum effect of Ca 2 influx on FBPase activation occurs during the first minutes of illumination is similar to the observed time period of in situ depletion of cytosolic free Ca>2 induced by photosynthesis in Nitellopsis (17) and thus lends further support to our proposal relating light activation of FBPase with Ca>2 influx. In higher plants the activation of FBPase is accompanied by a transient increase in the stromal FBP level during a similar time period, which reflects light-mediated activation of FBPase (7) . In addition, the lowered rate of FBPase activation in the presence of ruthenium red, an inhibitor of Ca2+ influx into chloroplasts (1 1), provides strong evidence for our proposal. In rat liver mitochondria ruthenium red is known to inhibit the activation of Ca>2 sensitive intramitochondrial enzymes, probably by preventing an increase in the matrix free Ca>2 concentration through inhibition of the mitochondrial Ca`influx (18) . Both the inhibition ofCa2+-stimulated activation of FBPase and the reduction of light-induced changes in the stromal NAD+ level by ruthenium red indicate that Ca2+ ,uM or were preincubated as a control for the same time at 60 ,uM free Ca2". The ratio of the activity with elevated Ca2" concentrations during the preincubation over the control activity was determined directly (0), Stimulation ofFBPase Activity Preincubations and the determination of the activity ratio were done as described in the legend to Figure 4 . The activity ratio was determined directly after the addition of EGTA. influx leads to an increase of free stromal Ca2" also in chloroplasts. The hypothesis that stromal free Ca2" increases upon illumination is further supported by the recent observation that in situ the total Ca2" content of chloroplasts increases upon illumination (21) . An increase in free stromal Ca2" is probably only transient, since the number of potential Ca2' binding sites in the chloroplasts (stromal proteins and thylakoids) increases by -40% with increasing pH (13) and upon reduction of ferredoxin (29) . Moreover Ca2" binding to thylakoids includes a slow component which requires up to 2 min for completion (6) . The observation that a brief exposure (2 min) to elevated Ca2' concentrations enhances the synergistic activation of FBPase by FBP, Mg2' and DTE in stromal preparations further supports the proposal that a transient increase in stromal free Ca2+ upon illumination is involved in the in vivo regulation of FBPase activation. This is also supported by the observation that increasing pH and FBP concentrations, which both increase the activation (25, 32) , decrease the effect of Ca2+ on the rate of FBPase activation. This is complemented by observations that the Ca2+ enhancement ofthe activation ofFBPase is particularly expressed (13) . The difference between the steady-state concentration of free Ca2+ in the dark (2.4-6.3 ,uM) and the concentration range of Ca2+ that affects FBPase activation (AO.5:-40 to 200 ,uM) cannot be explained solely by light-induced Ca24 influx. In intact chloroplasts the maximum stimulation of FBPase activity caused by Ca24 influx amounts to only about 20% of that in the absence of Ca2" influx (10-12 M Ca2+ or in the presence ofruthenium red). Thus, internal redistribution ofCa2+ is most likely also involved in the transient increase ofstromal free Ca2+ upon illumination (1) We propose that, besides internal redistributions of Ca2" upon illumination, light-induced Ca2" influx leads to a transient increase of stromal free Ca2" which stimulates the activation of certain enzymes (e.g., FBPase, SBPase, NAD-kinase), either directly or through, perhaps, the ferredoxin/thioredoxin system.
Due to an increase in the total number of potential Ca2" binding sites in the chloroplast as a result of the increased pH and protein reduction (6, 13, 29) , the stromal concentration of free Ca2+ subsequently decreases, thus allowing the Benson-Calvin cycle to operate. In addition we assume that when the light is turned off, a transient increase of stromal free Ca2' accelerates dark inactivation of the Benson-Calvin cycle before the Ca2+ accumulated previously by light-induced influx is released from the chloroplasts (12, 17) restoring a low steady-state dark free Ca24 concentration of about 2.4 to 6.3 ,uM.
